A number of studies have implicated proton-coupled oligopeptide transporters (POTs) in the initiation and/or progression of inflammatory bowel disease and immune cell signaling. With this in mind, the aim of this study was to delineate the expression of POTs in mouse colonic tissues and immune cells, and characterize the potential role of these transporters in nucleotide-binding oligomerization domain (NOD) signaling. Using a dextran sodium sulfate (DSS)-induced colitis mouse model, we found that DSS down regulated Pht1 gene expression and up regulated Pht2 gene expression in colonic tissue and immune cells. In contrast, PEPT1 protein was absent from the colonic tissue and immune cells of normal and DSS-treated mice. NOD ligands, muramyl dipeptide (MDP) and L-Ala-c-D-Glu-meso-diaminopimelic acid (tri-DAP), were shown to be substrates of PHT2 in MDCK-hPHT2 19,20AA cells. Subsequent studies revealed that the immune response of lamina propia mononuclear cells may be regulated by PHT1 and PHT2, and that PHT2 facilitated the NOD-dependent immune response in RAW264.7 macrophages. These results clarified the expression of POTs in mouse colonic segments, cells and subtypes, and the role of increased Pht2 expression during chemically-induced colitis in facilitating NOD-dependent immune response. The findings further suggest that intestinal PHT2 may serve as a therapeutic target for IBD therapy.
Introduction
Several proton-coupled oligopeptide transporters (POTs) have been implicated in inflammatory bowel disease (IBD) and colonic immune response signaling, although a clear understanding of the mechanisms involved is far from certain. POTs, which mediate the cellular uptake of di/tripeptides and many peptidomimetics utilizing an inwardly-directed proton gradient and negative membrane potential, are comprised of four mammalian members, namely PEPT1, PEPT2, PHT1 and PHT2 [1, 2] . The peptide transporters PEPT1 (considered a low affinity high capacity carrier) and PEPT2 (considered a high affinity low capacity carrier) have broad substrate specificity [3] and, in addition to di/tripeptides, can transport peptide-like drugs such as cefadroxil [4] and valacyclovir [5, 6] . The peptide/histidine transporters PHT1 and PHT2 are unique in their ability to transport histidine in addition to di/tripeptides and some drugs. PEPT1 and PEPT2, mainly localized at apical membranes of the intestinal epithelial cells [7] and renal proximal tubule epithelial cells [8] , respectively, are responsible for the intestinal absorption and renal reabsorption of their substrates. PHT1 is found primarily in brain and eye [9] and PHT2 in lung, spleen and thymus [10] although they are also expressed in small intestine [11, 12] . The functional relevance of peptide/histidine transporters, however, remains unclear.
The expression and function of PEPT1 in immune cell regulation of colonic inflammation is controversial. PEPT1 has been shown to mediate the transport of bacterially produced peptides like muramyl dipeptide (MDP) [13] and L-Ala-c-D-Glu-meso-diaminopimelic acid (tri-DAP) [14] which, when recognized by the intracellular pattern recognition receptor nucleotide-binding oligomerization domain 1 (NOD1) and 2 (NOD2), respectively, can initiate the immune response. Previous studies observed that while PEPT1 protein was not detected at the apical membrane of normal colon, PEPT1 was up regulated in colonic epithelial cells of patients with IBD [15] , where it could transport NOD1 and NOD2 peptide ligands from the tubular luminal of colon into enterocytes. The same authors also reported that PEPT1 could transport small bacterial products such as MDP and tri-DAP into macrophages to trigger the immune response, thus, facilitating the induction of colitis [16, 17] . However, these studies only examined PEPT1 protein expression in human peripheral blood mononuclear cells and KG-1 cells (human monocytic cell line) [17] , and Pept1 transcripts but not protein from mouse colonic immune cells [16] . Thus, PEPT1 protein expression in the colon of native tissue was unknown. Other studies demonstrated that in mouse, rat and human, PEPT1 was expressed in normal distal colon but not proximal colon [18] . Moreover, during dextran sodium sulfate (DSS)-and trinitrobenzene sulphonic acid (TNBS)-induced colitis, the expression of PEPT1 was down-regulated and not required for NOD2-dependent immune activation [19] . Still, the expression of PEPT1 protein in colonic immune cells was not studied.
The physiological role and pharmacologic relevance of PHT1 and PHT2 is largely unknown. Studies suggest that PHT1 is associated with diabetes [20] , inflammatory bowel disease [21] , and systemic lupus erythematous [22] and promotes colitis through Tolllike receptor 9 and NOD1-dependent innate immune responses [23] . PHT2 is considered a lymphatic peptide/histidine transporter in which its mRNA expression can be up-regulated by lipopolysaccharide (LPS) in THP-1 (human acute monocytic leukemia cell line) cells and mouse spleen [24] . Another study reported that PHT2 protein was found on the lysosomal membrane of transfected HEK-293T (human embryonic cell line) and BHK (baby hamster kidney cell line) cells, suggesting it could transport histidine and peptides from inside the lysosome to the cytosol [10] . Subsequently, Nakamura et al. [25] demonstrated that both PHT1 and PHT2 were localized to endo-lysosomes in transfected bone marrow-derived dendritic cells (BMDCs) of mice and were responsible for the egress of MDP-rhodamine into the cytosolic compartment. Thus, it was proposed that PHT1/2 might help bacterially derived peptides, internalized in endo-lysosomes, reach the cytosol and trigger NOD2-dependent innate inflammatory responses.
Given the potential role of POTs in IBD, and the critical lack of information concerning the constitutive expression of POT isoforms in animal models, the primary objective of the present study was to delineate the expression of PEPT1/2 and PHT1/2 in mouse colonic tissues and immune cells. The secondary objective was to characterize the potential role of these transporters in intestinal inflammation, especially the role of PHT2 in NOD-dependent immune response, using a chemically derived colitis model and transfected cell models.
Materials and methods

Materials
Primers used in quantitative real-time polymerase chain reaction (qRT-PCR) analyses were synthesized by Integrated DNA Technologies (Coralville, Iowa) and shown in Table 1 . Primary antibodies included rabbit anti-mouse PEPT1 and PEPT2, as described previously [26] . A mouse monoclonal antibody for b-actin or GAPDH was obtained from Thermo Scientific (Rockford, IL). Secondary anti-rabbit and anti-mouse antibodies were obtained from Bio-Rad Laboratories (Hercules, CA). MDP and tri-DAP were purchased from InvivoGen (San Diego, CA), LPS from SigmaAldrich (St. Louis, MO), and dextran sulfate sodium salt (DSS) (MW 36,000-50,000) from MP Biomedicals (Solon, OH). All other chemicals or solvents were of the highest grade commercially available.
Animals and cells
Adult (8-10 weeks) C57BL/6 mice were purchased from The Jackson Laboratory (Bar Harbor, ME). Animal studies were conducted in accordance with the guidelines from the National Institutes of Health for the care and use of animals, and were approved by the Institutional Animal Care and Use Committee at the University of Michigan. Animals were allowed free access to standard laboratory chow and tap water prior to study.
The macrophage cell line RAW264.7 was kindly provided by Prof. Bo Yang, College of Pharmaceutical Sciences, Zhejiang University .The parental Madin-Darby canine kidney (MDCK) cells were acquired from Peking Union Medical College (Beijing, China). All cells were cultured in 25 cm 2 -plastic plates and maintained at 37°C in humidified atmosphere of 5% CO 2 in Dulbecco modified Eagle medium from Invitrogen (Rockford, IL) with 10% fetal bovine serum from ThermoFisher Scientific, (Rockford, IL).
qRT-PCR analyses
The mRNA expression of POTs in cells and tissues was determined by qRT-PCR using species-specific primers, as described previously [27] . Briefly, total RNA was isolated by using the Qiagen RNeasy Plus Mini Kit (Valencia, CA) followed by reverse transcription using the Qiagen Omniscript RT Kit (20 mL mix containing H 2 O, 1.0 mg total RNA, 2 mL 10Â buffer RT, 2 mL 5 mM dNTP mix, 2 mL 10 mM Oligo dT primer, 1 mL 10 units/mL RNase inhibitor, 1 mL Omniscript reverse transcriptase) according to the manufacturer's protocols. Real-time PCR was carried out on an Applied Biosystems 7300 Real-Time PCR System (Foster City, CA) using SYBR Green-based detection. Each sample was measured three times and the averaged cycle threshold (CT) used. Relative mRNA levels of target genes were normalized by mouse Gapdh, and calculated by the DCT method as 2 ÀDCT , DCT = CT (target gene) À CT (Gapdh).
Immunoblot analyses
POT protein expression was evaluated by immunoblotting, as described previously [27] . Briefly, cell and tissue samples were isolated using Nonidet P40-lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1% Nonidet P40 and proteinase inhibitor cocktail, pH 8.0), and protein concentrations measured using a Bicinchoninic Acid Protein Assay Kit (ThermoFisher Scientific, Rockford, IL). Equal amounts of protein ($30 mg) were separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), transferred onto polyvinylidene difluoride membranes (PVDF) (Millipore Corporation, Billerica, MA), and then blocked overnight with 5.0% nonfat milk in Tris-buffered saline/Tween 20 (TBST) at 4°C. The membranes were incubated with primary antibody (1:5000 dilution, PEPT1 or PEPT2; 1:5000 dilution, b-actin or GAPDH) for 2 h and washed with TBST for 5 min Â five times. The membranes were then incubated with secondary antibody (goat anti-rabbit or anti-mouse IgG-horseradish peroxidase, 1:5000 dilution) for 45 min and washed again. Bound antibodies were detected on X-ray film using LumiGLO Chemiluminescent Substrate (Kirkegaard and Perry Laboratories, Gaithersburg, MD). All immunoblot results were obtained under nonsaturated conditions.
Preparation of lamina propia mononuclear cells and subtypes from mouse cecum/colon
Lamina propia mononuclear cells (LPMCs), along with CD11b+ (primarily macrophages) and CD11bÀ immune cells, were isolated according to Weigmann et al. [28] . Using this method, the cecum and colon were removed and dissected into small pieces, and washed three times with supplemented HBSS (sHBSS) (calcium and magnesium-free Hanks' balanced salt solution containing 2.5% heat-inactivated FBS, and 100 U/mL penicillin and 100 g/mL streptomycin) while stirring. The tissues were incubated with 1 mM dithiothreitol (Sigma-Aldrich, St. Louis, MO) in sHBSS for 15 min (room temperature) to remove the mucus layer, washed again, and then incubated with ''pre-warmed" 2 mM EDTA (SigmaAldrich, St. Louis, MO) for 45 min (37°C) to remove the epithelial cells. The supernatant, containing epithelial cells, was collected separately and the remaining sample incubated with 1 mM EDTA (37°C) for 45 min. After being washed three times with sHBSS, the sample was incubated for about 90 min in ''pre-warmed" sHBSS containing 250 U/mL collagenase type 3 (Worthington Biochemical, Freehold, NJ) and 0.01 mg/mL DNase I (Worthington Biochemical, Freehold, NJ). The digested tissues were filtered through a 70-mm cell strainer (BD Falcon, Durham, NC) and the lysate centrifuged at 700g for 10 min (4°C). The pellet containing cells was then re-suspended in 40% Percoll solution (Amersham Biosciences, Piscataway, NJ), layered on top of 75% Percoll solution, and centrifuged at 700g for 20 min (4°C). Viable LPMCs were recovered from the visible white ring at the interphase of the two different Percoll solutions. Lamina propria macrophages were isolated from LPMCs using human/mouse CD11b MicroBeads (Miltenyi Biotec, San Diego, CA) according to the manufacturer's instructions. Cells were cultured in supplemented RPMI-1640 medium (430 mL RPMI-1640 with 50 mL fetal calf serum, 5 mL 100Â Pen/Strep, 5 mL 100Â L-glutamine, 5 mL 100Â HEPES, 5 mL 100Â NEAA and 500 mL 1000Â 2-mercaptoethanol; Gibco -Life Technologies, Grand Island, NY) [29] .
Induction of ulcerative colitis in mice
DSS (3.0% w/v) was added to the drinking water of adult male mice for 7 days [30] , and the physical characteristics (i.e., body weight, stool consistency and stool blood content) recorded daily. Colon length (including cecum) was measured on day 7 after the mice were euthanized. Histological examination of hematoxylin and eosin-stained colonic sections was carried out by the Pathology Core for Animal Research of the University of Michigan. In addition to body weight, disease severity was evaluated using a stool scoring system with normal stool consistency without blood (0 points), soft stools with traces of blood (1 point), very soft stool with visible blood (2 points) and watery stools with visible rectal bleeding (3 points) [31] .
Stimulation of LPMCs with MDP, tri-DAP and lipopolysaccharide
LPMCs, isolated from the cecum/colon of untreated (water alone) or DSS-induced mice, were seeded on 24-well plates at a density of 7.0 Â 10 5 cells/well. Stimulation was initiated by incubating the LPMCs with lipopolysaccharide (LPS) (10 ng/mL), MDP (100 mg/mL) or tri-DAP (100 mg/mL) in culture medium for 24 h. Inhibition experiments were performed by co-incubating LPMCs (containing MDP or tri-DAP) with the PHT2 substrate L-histidine (25 mM; Sigma-Aldrich, St. Louis, MO) or negative control alanine (25 mM; Sigma-Aldrich, St. Louis, MO). Following the incubation period, the culture medium was collected for cytokine measurements.
Cell transfection
MDCK cells were transfected with plasmid hPHT2 L19A,L20A -eGFP-pcDNA3.1/Hygro (+) (constructed in-house, leucine at position 19, 20 of hPHT2 was mutated into alanine) according to the manufacturer's instructions of Lipofectamine TM 2000 (Invitrogen, Rockford, IL). The disruption of cytoplasmic di-leucine motifs of hPHT2 makes it locate to the plasma membrane [25] . Cells were screened by hygromycin B (400 lg/ml) for 14 days, and positive single clones with stable hPHT2 19 RAW264.7 cells were seeded on 24-well plates at a density of 3. 0 Â 10 5 cells/well 24 h before transfection to achieve 40-50% confluence. Cells were transiently transfected with plasmid musPHT2-His-pcDNA3.1 (+) or empty pcDNA3.1 (+) by using Lipofectamine3000 TM (Invitrogen, Rockford, IL) according to the manufacturer's protocol. After 24 h, cells were gently washed twice with fresh medium. Stimulation was initiated by incubating the RAW264.7-musPHT2 and RAW264.7-vector cells with MDP (10 mg/mL), tri-DAP (10 mg/mL) or LPS (10 ng/mL) in culture medium for 0, 4, 6 and 8 h, after which total RNA was isolated at the designated time for target gene detection. RAW264.7-musPHT2 and RAW264.7-vector cells were also stimulated with MDP (0, 1, 10 mg/mL), tri-DAP (0, 1, 10 mg/mL) or LPS (0, 10 ng/mL) in culture medium for 24 h, and the medium was then collected for cytokine measurements. 
Uptake studies and LC-MS/MS assay
Quantification of cytokines
Protein concentrations of the proinflammatory cytokines IL-6, TNFa and IL-1b were quantified using the Quantikine Colorimetric Sandwich ELISA Kit (R&D Systems, Minneapolis, MN) according to the manufacturer's protocol.
Statistics
The data were reported as mean ± SE, and statistical analyses were performed using GraphPad Prism version 5.01 for Windows (La Jolla, CA). An unpaired two-tailed Student t-test was used to compare differences between two groups. For multiple comparisons, a one-way analysis of variance (ANOVA) was used followed by Dunnett's or Tukey's post hoc test. A probability of p .05 was considered significant.
Results
POTs expression in mouse LPMCs and colon
In order to gain a better understanding of the expression of POTs in colon, especially immune cells, lamina propria mononuclear cells were isolated from the cecum/colon of normal mice and then separated into CD11b+ and CD11bÀ subtypes. As shown in Fig. 1A , Pept1 transcripts were much higher in the distal colon as compared to the proximal colon and other cells. Pept2 and Pht1 transcripts were detected in proximal and distal colon, and all cells, but the expression levels were much lower compared to Pept1. Pht2 was the only POT with very high mRNA expression in CD11b+ macrophages; however, its expression was faint in proximal and distal colon and other cells. Immunoblots were performed to determine whether the expression of PEPT1 and PEPT2 proteins was consistent with mRNA levels. Protein expression of these transporters are shown in Fig. 1B (PEPT1) and C (PEPT2), with the small intestine and kidney serving, respectively, as positive controls. The blots demonstrated that PEPT1 and PEPT2 proteins were not expressed in distal colon, LPMCs, epithelial cells and CD11b+ macrophages, despite Pept1 having high mRNA expression in the distal colon.
POTs expression in mouse LPMCs and colon during DSS-induced colitis
There is considerable controversy concerning the regulation of apically expressed colonic PEPT1 during inflammation and the potential role of intracellular PEPT1 in transporting MDP and tri-DAP into macrophages. There is also evidence suggesting that PHT1 and PHT2 may affect immune response signaling by transporting bacterially derived peptides out of endo-lysosomes in colonic immune cells and into the cytosol. Thus, studies were performed in mouse LPMCs and colon to examine whether PEPT1, PHT1 and PHT2 expression was altered by inflammation using a DSS-induced ulcerative colitis model. As shown in Fig. 2 , mice treated with DSS showed a progressive and significant weight loss (panel A) and disease severity, as evidenced by an increasing stool score (panel B), over time. In addition, the colon length (includes cecum) was significantly shorter at day 7 in DSS-treated mice compared to control (water alone) animals (panel C). Histological analysis of representative sections from proximal and distal colon showed epithelial erosion and immune cell infiltration (panel D). All these symptoms were consistent with the chemical-induction of colitis in our mouse model.
In regard to gene expression, Pept1 transcripts were not different in DSS-treated mice, compared to water controls (Fig. 3A) , with the exception of a small up-regulation in proximal colon and CD11b+ macrophages. In regard to protein levels, PEPT1 was not detected in any of the colonic tissues or cells (Fig. 3B) , indicating that DSS-induced colitis did not trigger an aberrant expression of PEPT1 in colonic tissues or cells. The mRNA levels of Pht1 were low and significantly down regulated in proximal and distal colon, epithelial cells and CD11b+ macrophages, but not in LPMCs (Fig. 3C) . Pht2 mRNA expression, on the other hand, was significantly up regulated in proximal and distal colon, epithelial cells and LPMCs, but down regulated in CD11b+ macrophages (Fig. 3D ). This finding suggests the effect of DSS in colonic immune cells may be more significant for PHT2 than PHT1 given its mRNA up-regulation in LPMCs.
MDP and tri-DAP are substrates of PHT2
The above results indicated that ulcerative colitis up-regulated the expression of Pht2 transcripts in mouse colonic tissue and immune cells, which implies PHT2 may play an important role in immune response. A possible way that PHT2 affects immune response is to transport bacterial peptides like MDP or tri-DAP across lysosomal membranes to trigger an NOD-dependent immune response. Therefore, it is necessary to find out whether or not MDP and tri-DAP are substrates of PHT2. Thus, we constructed MDCK-hPHT2 19,20AA monoclonal cells with stable expression of hPHT2 protein in plasma membranes (Fig. 4) , and investigated the accumulation of MDP or tri-DAP in MDCKhPHT2 19 ,20AA and mock cells. As shown in Fig. 5A and C, the accumulation of MDP and tri-DAP in MDCK-hPHT2 19,20AA cells was about 3-to 6-fold and 1.2-to 1.6-fold higher than that of mock cells, respectively, when incubated with 10 lg/mL of substrate for 30 or 60 min. Similar results were also observed when cells were incubated with 10 lg/mL or 25 lg/mL of MDP or tri-DAP for 30 min (Fig. 5B and D) . The results demonstrated that PHT2 is capable of transporting MDP and tri-DAP, and with a higher transport capacity for MDP. Chemically induced colitis was achieved in mice using dextran sodium sulfate (DSS) in which the animals were given 3.0% DSS in their drinking water for 7 days. Weight loss (A) and disease severity (B) were evaluated daily, and colon length including cecum (C) was evaluated at day 7. Histological examination of tissues obtained from proximal colon (PC) and distal colon (DC) was performed on normal (control, Ctrl) and DSS-induced mice (D). Data are expressed as mean ± SE (n = 6). ** p < .01 and *** p < .001
using an unpaired Student t-test.
Role of PHT1 and PHT2 in the immune response of mouse LPMCs to MDP and tri-DAP
Given the effect of DSS-induced colitis on Pht1 and Pht2 mRNA expression in mouse LPMCs, along with the substrate specificity of PHT2 for bacterially-produced di/tripeptides, these transporters were then evaluated with respect to cytokine expression. In this study, MDP (a NOD2 ligand) and tri-DAP (a NOD1 ligand) were used to stimulate the immune response of LPMCs. L-Histidine was used as an inhibitor to block the function of PHT1/2. First, we compared the immune response to MDP, tri-DAP and LPS stimulation of LPMCs from normal ( Fig. 6A) and DSS-induced mice (Fig. 6B) . The results showed that, except for LPS, MDP and tri-DAP had little (or no) effect on the protein expression of IL-6, TNFa and IL-1b. Moreover, the protein expression of TNFa and IL-1b in LPMCs was not significantly different between normal and DSS-induced mice; IL-6 expression, however, was increased in DSS-induced mice (Fig. 6C) . Next, we incubated the LPMCs of normal mice with a PHT1/2 inhibitor (25 mM L-histidine) or alanine (25 mM, negative control), applied different stimuli (MDP or tri-DAP), and measured the effect on TNFa release (Fig. 7) . The results showed that L-histidine, but not alanine, suppressed the increased protein expression of TNFa induced by MDP (panel A) and tri-DAP (panel B). Thus, PHT1/2 may regulate the immune response in LPMCs of mouse colon by participating in the transport of MDP and tri-DAP.
PHT2 facilitates the immune response of RAW264.7 macrophages to MDP and tri-DAP
The above result showed that LPMCs may not be an appropriate cell model for the study of PHT2 function in immune response because of its weak response to stimuli. Here, we used RAW264.7 macrophages with PHT2 overexpression to further explore its function in NOD-dependent immune response. As shown Fig. 8, RAW264 .7-musPHT2 cells expressed significantly higher musPHT2 mRNA and protein levels than RAW264.7-vector cells. RAW264.7-musPHT2 cells and RAW264.7-vector cells were treated with MDP (10 lg/mL) or tri-DAP (10 lg/mL) for 0, 4, 6 and 8 h. The results showed that, except for TNFa, the transcription levels of IL-6 and IL-1b were significantly higher in RAW264.7-musPHT2 than in RAW264.7-vector ( Fig. 9A and B) . To confirm these results, RAW264.7-musPHT2 cells and RAW264.7-vector cells were treated with MDP (0, 1, 10 lg/mL) or tri-DAP (0, 1, 10 lg/mL) for 24 h, and the culture medium was collected for cytokine measurements. The protein expression results were consistent with that of gene expression, where IL-6 was much higher in RAW264.7-musPHT2 cells than that in RAW264.7-vector cells; no difference was observed for TNFa ( Fig. 9C and D) . These results indicated that PHT2 facilitated the MDP-and tri-DAP-induced NOD-dependent immune response in transfected RAW264.7 cells. In order to demonstrate that the PHT2 facilitated NODdependent immune response was specifically due to transporting NOD ligands (MDP and tri-DAP), RAW264.7-musPHT2 and RAW264.7-vector cells were treated with LPS (10 ng/mL) for 4 or 24 h. As shown in Fig. 10A , the transcription levels of IL-6 and TNFa were higher in RAW264.7-musPHT2 cells than that in RAW264.7-vector cells, whereas no difference was observed for IL-1b. Moreover, the protein expression levels of IL-6 and TNFa in the culture medium of RAW264.7-musPHT2 cells and RAW264.7-vector cells stimulated with LPS (10 ng/mL) for 24 h were not significantly different (Fig. 10B ). This finding indicated that PHT2 had no effect on LPS-induced immune response and suggested that the PHT2 facilitated NOD-induced immune response was due to the ability of this protein to transport NOD ligands.
Discussion
A number of studies have implicated a role for POT family members in the initiation and/or progression of IBD and immune cell signaling. However, there has been scant information regarding the constitutive protein expression and function of these POTs in intestinal tissues and, in particular, colonic immune cells from native tissue. In the present study, several important findings were reported for the first time using mouse colon, colonic cells and subtypes, such that: 1) with or without inflammation, PEPT1 protein was not expressed in lamina propia mononuclear cells of the colon or colonic CD11b+ macrophages; 2) Pht1 was down-regulated and Pht2 up-regulated by DSS-induced colitis in proximal and distal colon and lamina propia mononuclear cells; 3) MDP and tri-DAP are substrates of PHT2; and 4) the immune responses of MDP- and tri-DAP-treated LPMCs were regulated by PHT1/2, and PHT2 facilitated the NOD-dependent immune response in RAW264.7 macrophages stimulated with these two bacterially-produced di/tripeptides.
Our results differ from that of Merlin and coworkers [15] [16] [17] who suggested that PEPT1 was expressed in the colon and colonic immune cells during IBD [15] . They also suggested that PEPT1-containing immune cells from mouse colon were responsible for the uptake of MDP and tri-DAP into macrophages and the subsequent immune response. However, their studies only examined PEPT1 protein expression in human peripheral blood mononuclear cells and KG-1 cells (human monocytic cell line) [17] , and Pept1 transcripts but not protein from mouse colonic immune cells [16] . In our studies, we examined the PEPT1 protein expression from native tissue and primary immune cells of mouse colon, and found no evidence of PEPT1 protein in mouse colonic epithelial cells, LPMC or CD11b+ macrophages. The Merlin group also tried to evaluate the function of PEPT1 in vivo, where they reported that colonic PEPT1 expression aggravated DSS-induced colitis in mice [32] . On the other hand, Daniel and coworkers [18, 19] presented results contrary to that of Merlin in which PEPT1 protein was expressed in mouse distal colon (abundance $40% of that found in small intestine) but was essentially absent in proximal colon. The Daniel group also demonstrated that PEPT1 protein levels were consistently reduced in DSS-and TNBS-induced colitis mouse models, and during inflammation in IBD patients [19] . These studies, however, did not measure the expression of PEPT1 protein in colonic cellular-or subcellular-preparations. In our studies, PEPT1 protein was not observed in mouse proximal and distal colon, colonic epithelial cells and CD11b immune cells, even during DSSinduced colitis in mice. The disparity among investigators is unclear but may be due to differences in antibody specificity, the site of sampling (i.e., regional specificity), or the method of sample preparation among laboratories. Notwithstanding this uncertainty, our studies corroborate that of Daniel and coworkers [18, 19] in arguing against PEPT1 having a primary role in the inflammatory response.
Despite our finding that PEPT1 mRNA was significantly up regulated in the proximal colon and CD11b+ macrophages of DSSinduced mice, no protein expression was observed in the colon and macrophages of untreated or DSS-induced mice, a result consistent with the literature. Thus, subsequent studies on how PEPT1 might influence IBD pathogenesis in vivo was not performed. Instead, we elected to focus on PHT1 and PHT2, which was recently shown to be related to the immune response [23] [24] [25] . Studies indicated that PHT1 was associated with the innate immune response and had substantial expression in monocytes, macrophages and dendritic cells [23, 33] . PHT2 was also shown to be highly expressed in macrophages and monocytes [24, 33] . There are currently no studies demonstrating the expression of PHT1 or PHT2 protein in colonic and immune cell preparations from native colon. Our results showed low expression levels of Pht1 transcripts in proximal and distal colon, LPMCs, epithelial cells and CD11b+ and CD11bÀ immune cells. In addition, during DSS-induced colitis, Pht1 transcripts were significantly reduced with unknown reasons. With respect to PHT2, our studies showed that Pht2 transcripts were significantly up-regulated in colonic tissues and immune cells of DSS-induced mice, which was consistent with our previous observation that LPS-induced inflammation increased the expression of Pht2 [24] .
Increasing evidence points to an important role of endosomes/ lysosomes as signaling platforms in immune cell function and, in particular, for PHT1 and PHT2 as key transporters in the delivery of NOD ligands to cytosolic receptors [25, 34] . Although both NOD1 and NOD2 can interact with tri-DAP and MDP, respectively, to activate NF-KB and proinflammatory cytokines [35, 36] , it is still unclear how these (and other) bacterially derived components reach the cytosol. For example, during inflammatory conditions such as IBD, do the ligands enter colonic epithelial cells by specific peptide transporters or by endocytotic pathways? Alternatively, are the bacteria internalized by colonic immune cells in the lamina propia, which fuse with endo-lysosomes and then release the lysosomal degradation products into cytosol? In our study, neither PEPT1 nor PEPT2 protein (two peptide transporters located apically in plasma membranes) was detected in colonic tissue segments or cells, therefore, we can rule out POT-mediated tri-DAP and MDP entry at the epithelial cell surface. Moreover, it has been reported that endocytosis is an important pathway for the entry of NOD ligands into the cell, and the cytosolic internalization of tri-DAP and MDP was pH-dependent [21] . In our study, we provided direct and powerful evidence that tri-DAP and MDP were substrates of PHT2. Thus, the most probable mechanism was that tri-DAP and MDP were internalized by immune cells which fused with lysosomes, subsequently releasing these di/tripeptides into the cytosolic compartment (via lysosomal membrane transporter PHT1 or PHT2) where they could then activate NOD1 and NOD2, respectively.
Our previous study showed that PHT2 transcripts were up regulated by LPS in mouse spleen [24] , an important tissue in immune system regulation. It was also reported that PHT1 and PHT2 were expressed in the endo-lysosomal compartments of transfected mouse BMDCs, that IL-6 production was stimulated by MDP and LPS in RAW264.7 cells, and that PHT1/2 were required for the NOD2 responses to endosomally derived MDP [34] . Our study extended the previous findings by showing that, during DSSinduced colitis, PHT2 gene expression was significantly upregulated in the colon and lamina propia mononuclear cells. Using the mouse macrophage cell line RAW264.7 as a model system, we found overexpression of PHT2 significantly increased the release of pro-inflammatory cytokines induced by MDP and tri-DAP, but not by LPS, which implied PHT2 promoted the inflammatory response because of its ability to transport these two bacterially-produced di/tripeptides. When macrophages were given MDP or tri-DAP extracellularly, macrophages with overexpression of lysosomal PHT2 can transport more MDP or tri-DAP to the cytosol, triggering an immune response. Thus, the up-regulation of PHT2 may be responsible, at least in part, for the progression of inflammatory states.
In conclusion, the present study provided important information on the expression of POTs in mouse colonic segments, cells and subtypes. We demonstrated that PEPT1 was not present in colonic tissue, epithelial cells or immune cells including Fig. 10 . The expression of IL-6, TNFa and IL-1b in RAW264.7-musPHT2 and RAW264.7-vector cells stimulated with LPS. RAW264.7 cells were transiently transfected with pcDNA3.1(+)-musPHT2-his tag or vector for 24 h and then stimulated with LPS (10 ng/mL) for 4 h, after which total RNA was isolated for Il-6, Tnfa and Il-1b detection (A). The CT values of Il-6, Tnfa, Il-1b and Gapdh ranged from 16 to 27. RAW264.7 cells were transiently transfected with pcDNA3.1(+)-musPHT2-his tag or vector for 24 h and then stimulated with LPS (10 ng/mL) for 24 h, after which cell supernatant were collected for IL-6 and TNFa protein detection (B). Data are expressed as mean ± SE (n = 3). macrophages, and that an absence of expression was still observed during chemically induced colitis. We also demonstrated that DSSinduced ulcerative colitis increased the gene expression of Pht2 and reduced the gene expression of Pht1. Finally, we proved that the NOD ligands MDP and tri-DAP were substrates of PHT2, and that PHT2 can facilitate the NOD-dependent immune response. We appreciate the fact that many of our studies were performed in vitro, and that further validation with in vivo models will be needed. Future experiments will address the functional role of PHT2 on immune response, hopefully, with the use of Pht2 knockout mice. Collectively, our results provide novel information on how POT transporters may affect the pathogenesis of inflammatory bowel disease. By extension, blocking PHT2 function and/or expression may be a potential strategy to treat patients with IBD.
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